ABSTRACT A surface waveguide (SWG) leaky-wave antenna featuring directional single-side beam scanning capability is presented. A novelty of the design is that transition design utilizes the spoof surface plasmon (SSP) as an intermedia to feed the SWG, which realizes an efficient SWG transition from the conventional coplanar waveguide. In addition, a novel spatial profile is modulated on the SWG to produce leaky-wave radiation. Because the transmission modes in SSP and SWG are similar, the transition exhibits low loss and broadband performance. Both the transition and the leaky-wave antenna are demonstrated using simulations and experiments. It is shown that the transition has an average loss of 0.61 dB across the frequency range 5-13 GHz, which is an improvement on other feeding techniques reported. It is also shown that the leaky-wave antenna produces a single-side scanning beam of 8.7 dB gain with an overall efficiency of 75%. The beam scans through a 43.5-degree range over the frequency 10-13 GHz.
I. INTRODUCTION
Leaky wave antennas (LWA) have attracted extensive attention in recent decades, due to their advantages of being low profile and having a frequency-scanning property. LWA designs are realized using various structures including composite right/left handed lines [1] , substrate integrated waveguides [2] , magnetoelectric dipoles [3] and singleconductor lines [4] , [5] . Among them, single-conductor LWAs are becoming popular due to their high radiation efficiency, low profile cross-section, and their ease of fabrication.
Two main categories of single-conductor transmission lines have been extensively investigated. The first is based on the spoof surface plasmon (SSP) [6] and the other is the surface waveguide (SWG) [7] - [9] . SSP mimicks surface plasmons (SPs) at optical regimes [10] and employs a corrugated surface to support a surface wave [6] , [11] . SSP has been extensively studied and several transitions have been reported to convert a conventional transmission line (TL) feed to an SSP line [6] , [12] . However, not many free parameters, except the corrugation depth, are available for controlling the dispersion characteristics of SSP lines. Typically, achieving a low cutoff requires a high corrugation depth and hence a broad line width. In contrast, SWG provides more flexibility in the control of its dispersion characteristics and this is achieved by changing the internal geometry of the SWG line without reconfiguring its line width. Therefore, SWG is a much more promising candidate for guiding surface waves. However, it is challenging to efficiently feed SWG. In previous studies, different methods have been explored and these include trapezoidal sheet [13] , rectangular waveguides [8] , and quasi-Yagi-Uda directional antennas [7] . These feeding techniques cannot realize high-efficiency mode conversion and therefore an efficient feeding structure for SWG is still an open problem.
For single-conductor LWAs, single-layer SSP LWAs [14] are limited by the omnidirectional H-plane radiation patterns they produce. Two techniques were proposed to achieve single-side beam scanning capability. The first was to load large circular patches on one side of the SSP transmission line [5] . The other placed additional ground planes underneath the LWA with quarter-wavelength separation [15] . Both of these techniques result in a wider or thicker radiator. SWG LWA, featuring flexible control of dispersion and field profile, is a promising candidate to achieve single-side beam scanning.
In this paper, we propose a novel SWG LWA for singleside beam scanning. Unlike SSP LWAs [5] , [15] , it does not need addtional patches or increases thickness. In addition, we propose using SSPs as an intermedia for feeding SWG. Because the modes in SSP and SWG are similar, this SSP-based transition exhibits good mode conversion efficiency. Contributions of this work include: 1) overcoming the issues of double-side beam scanning in single-conductor LWAs by using a SWG LWA approach; 2) using SSP as an intermedia to efficiently feed SWG. This paper is organized as follows. Sec. II reviews the principles of SWGs and SSP transmission lines. Sec. III provides a theoretical analysis of SSP-SWG transitions, followed by three different SWG TLs excited by our proposed transition. In Sec. IV, the experimental validation of our proposed SWG LWA is presented while a conclusion is provided in Sec. V.
II. SINGLE-CONDUCTOR LINE PRINCIPLES
A. SURFACE WAVEGUIDE Surface waveguides (SWGs) are open-boundary structures supporting a tightly confined surface wave propagating with phase velocity less than that of light [16] . SWGs have been theoretically analyzed using an optics method [17] and a transmission line model [18] . Straight and curved SWGs have been constructed and validated [7] , [13] , showing that surface waves are tightly confined around SWGs. Based on these properties, SWGs are widely used for various microwave applications, such as beam shifters [19] , phase shifters [20] , [21] , absorbers [22] , [23] and leaky-wave antennas [24] - [26] .
Realizations of SWGs include dielectric-coated wires [27] , periodic dielectric waveguides [28] , corrugated structures [29] and pin-bed structures [30] . Due to their straightforward fabrication and flexible design, planar periodic structures with subwavelength patterns are most commonly studied. The design patterns of the unit cell generally determine the properties of SWGs. By using different patterns, the surface waves can be polarized in a transverse electric (TE) mode, a transverse magnetic (TM) mode or a hybrid mode [8] . The unit cells can also be divided into ''scalar'' or ''tensor'' depending on whether their properties are dependent on directions [7] . Planar grids [31] and self-complementary geometries [32] are theoretically analyzed to investigate the relation between unit cells and supported surface waves.
A model for a SWG is shown in Fig. 1(a) , where region I is the surface waveguide with high surface wave impedance and region II is the substrate with low surface wave impedance. The wave along the SWG can be expressed as e jωt e −jβx e −α|z| (β > 0, α > 0), where β is the wave vector in the +x direction and α is the attenuation constant along the ±z direction. The wave function manifests itself as a surface wave propagating along the +x direction without any loss (in ideal case) and is exponentially decaying in the −z or +z directions. The wave vector and attenuation constant satisfy
where k 0 = ω/c is the wave vector in free-space. In Fig. 1(a) , the substrate does not have a ground and its depth is much smaller than the operational wavelength. Therefore, the SWG can be approximated as being suspended in free-space and the corresponding transverse equivalent circuit model is shown in Fig. 1(b) . According to the transverse VOLUME 6, 2018 resonance condition [33] 
The TM and TE wave impedance is expressed by [34] 
where η 0 is the characteristics impedance of free-space. By substituting (3) and (4) into (2), the surface impedance of SWG is computed as
It is interesting to note from (6) and (7) that, for TM mode, a larger value of |Z TM SWG | indicates a lower phase velocity, whereas, for TE mode, a larger value of |Z TE SWG | corresponds to a higher phase velocity. One also finds that the TM-mode SWG has inductive surface impedance and TE-mode SWG has capacitive surface impedance.
The surface wave impedance is an important parameter to describe the property of light-matter interaction at the surface of two media. The characteristic impedance of the propagating waves in x direction, Z x = η 0 β/k 0 , is uniquely determined by the surface impedance according to (6) and (7). Therefore, by finding the surface wave impedance, one is also able to check the impedance matching between two SWGs connected together. A low reflection coefficient typically requires two equal characteristic impedances and hence two equal surface impedances.
B. SSP TRANSMISSION LINE
SSP mimick surface plasmons (SPs) at optical regimes [10] and employ a corrugated surface to support a surface wave [6] , [11] . In order to connect SSP circuits to traditional microwave circuits, the CPW-SSP (Coplanar Waveguide-SSP) transition has been proposed [6] , [12] . SSPs are employed in many microwave applications including slow-wave transmission line [35] , frequency splitters [36] , couplers [37] , and filters [38] , [39] . ground and consists of two main parts including a transition part and SSP line part. The transition part can achieve highefficiency and broadband conversion from traditional CPW modes to SSP mode by using a smoothly flared ground plane. From the electric and magnetic distribution of Fig. 2 , one finds that the dominant SSP mode belongs to a TM-mode surface wave. Strictly speaking, SSP belongs to a special case of SWGs but here we still use the terminology ''SSP'' to help readers easily connect it with other related works. Fig. 3 illustrates the geometry of our proposed single-sidescanning SWG LWA including SSP-based transition. The SSP-based transition includes a CPW (coplanar waveguide) to SSP transition and a SSP to SWG connection. SSPs work as an intermedia to connect two different modes. The SWG LWA is realized by periodically modulating the profile of the SWG. Both the SSP-based transition and SWG LWA are described in the following sections where dimensions are also provided.
III. GEOMETRY AND DESIGN OF THE SSP-FED SWG LWA

A. SSP-BASED TRANSITION
To demonstrate the SSP-based transition, we use a SWG connected by two SSP-based transitions, as shown in Fig. 4 . The whole transition includes two steps, namely, CPW to SSP and SSP to SWG. We excite the SSP using a CPW-SSP transition [6] , [12] . The dimensions of the SSP-based transition are listed in Tab. 1. To better demonstrate the performance of this SSP-based transition, we consider three SWGs. The unit cells of the SSP and the three SWGs are shown in Fig. 5 . All of these unit cells are fixed with the same width, h, but different inner configurations. The patterns are printed on a substrate without a ground (Rogers 4003C of thickness 1.52 mm). For the unit cell design, a uniform width is employed to avoid radiation loss. And the inner configurations determine the cut-off frequency of dispersion curves. Fig. 6 shows the dispersion curves for the unit cells in Fig. 5 . Note that, the three SWG unit cells exhibit different dispersion curves and different cutoff frequencies. Therefore we can reconfigure the cutoff frequency and dispersion curves without resorting to changing the line width (h) and this is one important benefit of SWG.
In Fig. 7 we compare the surface wave impedances of SSP and the three SWGs and observe that, the surface wave impedances of the three SWGs are almost the same below 14 GHz. Therefore, it is possible to match the three SWGs using one transition only. The surface wave impedance of SSP is slightly larger than those of SWGs, which, to be validated later by simulated and measured scattering parameters, leads a small reflections within an acceptable level. Since SSP and SWGs change the surface impedances in a similar manner below the cutoff frequency, SSP-based transition provides broadband matching. 
B. SWG LWA
From Fig. 6 we can observe that the dispersion curves of the SWGs are all below that for free space. Therefore, the dominant mode for a SWG is a slow-wave mode that does not radiate into free space. For leaky-wave radiation to occur, it needs an additional phase (or momentum) and this is typically realized by periodically modulating the profile of slow-wave structures. This leads to an infinite set of space harmonics with
where β n and β 0 are the wavenumbers of the n th space harmonic and fundamental mode, respectively and p is the modulation period. By carefully selecting the modulation period, one is able to let n = −1 so that space harmonics fall into the fast-wave region, i.e. −k 0 < β −1 < k 0 , and enables radiation. As an example we use the unit cell in Fig. 5 (b) and the profile modulation scheme shown in Fig. 8(a) . If the modulated sections of the SWG line are periodically removed from its upper side, we can produce leaky-wave radiation focused in the upper direction leading to a single-side directional beam. Note that, this single sided profile modulation not only provides a single-sided beam, but also maintains a compact and low-profile configuration. In this design, the modulation period is set to m = 14.125 mm and the resultant dispersion curve shift is illustrated in Fig. 8(b) . Such a profile modulation approach was also studied in SSP leaky-wave antenna [14] , which however has an omnidirectional radiation beam in the transverse plane.
IV. EXPERIMENTAL VALIDATION A. SSP-BASED TRANSITION
In order to demonstrate the performance of the proposed SSP-based transition, we apply it to the three SWGs shown in Fig. 5 . The results are shown in Fig. 9 where the SWG transmission lines were simulated in CST Microwave Studio and fabricated on a 1.52 mm thick Rogers 4003C substrate with r = 3.38. Taking the SWG TL based on unit cell 1 for example, Fig. 10(a) provides the simulated electric field distribution at 10 GHz on the x-y plane and x-z plane and Fig. 10(b) provides results for the simulated magnetic field distribution on the transverse plane (y-z plane). The electric field smoothly transits at the interface between the SSP structures and SWGs, and the surface waves propagate along SWG in the form of a TM mode, which accords with our analysis.
The fabricated prototypes of the three samples are shown in the insets of Fig. 11 transitions, respectively. Since SSP and SWGs are connected in series, the overall cut-off frequency is determined by the smaller of the two cutoff frequencies. In Fig. 6 , Unit Cell 3 has a smaller cutoff frequency (16 GHz) than SSP (20.5 GHz) and as a result, the simulated and measured |S 21 | go down sharply around 16 GHz, as shown in Fig. 11(c) . In contrast, Unit Cell 1 and Unit Cell 2 have higher cutoff frequencies than SSP, which results in their transmissions being attenuated around 20.5 GHz, as shown in Fig. 11(a) and 11(b) . The reflection coefficients |S 11 | of the three SWGs are below −10 dB across a broad frequency range. The measured transmission responses closely follow the simulated result below 13 GHz and deviate above 13 GHz. This difference between the measured and simulated responses above 13 GHz is mainly attributed to the loss of the SMA, which practically works well only below 13 GHz. Above 13 GHz, the SMA loss plays the most significant role. And in simulation, metal and substrate are ideally lossless, which also leads to a little difference between simulated and measured results. Additionally, since all the single-conductor lines have lower cutoff frequencies, the transmission drops when it is close to the cutoff frequency. Therefore, we consider the frequency range 5-13 GHz in this design.
To determine the loss of CPW-SWG transition, we fabricate and measure the SWG transmission lines with three different lengths (l 1 = 169 mm, l 2 = 214.2 mm, l 3 = 293.3 mm), as shown in Fig. 12(a) . The total loss consists of two parts consisting of a transition loss and a SWG loss. Since the transition loss is independent of the length of the SWG, it is possible to calculate the SWG loss by comparing two samples with different lengths. Fig. 12(b) shows the extracted SWG loss by averaging the differences between every two samples in Fig. 12(a) . Upon obtaining SWG loss per unit length, the mode transition loss is readily calculated by removing the SWG loss from the overall loss. In Fig. 12(b) , the mode transition loss is found to be between 0.2-1.2 dB within 5-13 GHz. Considering that the whole mode transition includes a CPW-SSP transition and a SSP-CPW transition, the pure transition part from SSP to SWG should have a much smaller loss than its average value 0.61 dB. In addition, our transition performance is compared with the designs without SSPs and trapezoidal sheet [13] . Here, all transition designs use the same length for a fair comparison. Note that the conversion loss of trapezoidal sheet is significantly larger than the other two designs. And when SWG is directly excited by the tapered CPW without SSPs as the intermedia, the transition loss from CPW to SWG is between 1.16-2.64 dB within 5-13 GHz. In contrast, the transition loss with SSPs is reduced by 1 dB within 5-13 GHz. This well demonstrates the benefit of the proposed transition design.
B. SWG LWA
We use 10-13 GHz as the frequency range for experimental validation and it was determined by noting that the leaky mode enters the fast wave region after 9 GHz (see Fig. 8(b) ) and that the SMA connector performs well only below 13 GHz.
Using this range the SWG LWA is simulated in CST Microwave Studio and Fig. 13(a) shows the x-z plane electric field distribution at 12 GHz. At the transition region, the energy steadily flows from the CPW to the SWG and no leaky wave is produced. When it comes into the modulated SWG region, energy partly leaks from the SWG. After going through several modulated units, most power has leaked out and little power is received by port 2. The direction of leaky wave flow is towards the upward area, which corresponds with the profile modulation side. Fig. 13(b) shows the simulated 3D radiation pattern at 12 GHz. The main beam is directional and radiates towards the upper side (or positive z axis).
The fabricated prototype of this SWG LWA is shown in Fig. 14(a) and the measured scattering parameters are shown in Fig. 14(b) . Overally these results agree with each other in a reasonable manner. The difference between simulation and measurement is partly attributed to the SMA connector that is not considered in simulation, and is partly due to the fabrication tolerance and dielectric tolerance. Within the frequency range 10-13 GHz, S 11 is almost below −10 dB, indicating that the impedance matching is good and the energy goes into SWG LWA with minimal return loss by using the SSP-SWG transition. The transmission coefficient S 21 is below −15 dB, indicating that most energy has leaked out and little energy is received by port 2. Therefore, the received port in our LWA design doesn't affect the radiation pattern and can be removed. In order to illustrate the design principle clearly, the second port is retained in simulation and experiment.
The radiation patterns were measured in an anechoic chamber and the measured gain and efficiency are shown in Fig. 14(c) . The average measured gain is about 8.7 dB and the gain variation is about 1.36 dB over the whole frequency band. The gains are consistent over the entire frequency band. The measured gain is on average 1 dB smaller than that simulated, which may be attributed to the fact that the practical materials (including substrate and copper) are more lossy than the simulated model. For the main beams at different operating frequencies, the levels of cross polarizations are all less than −22.7 dB with respect to the co-polarizations. The average measured efficiency is about 75%. The radiation patterns in x-z and y-z planes are displayed in Fig. 15 . The simulated and measured results are compared at 10, 11, 12, 13 GHz, respectively. Both results agree well with each other. In x-z plane, the measured main beam steers from θ = −51 • to −7.5 • as the operating frequency increases from 10 GHz to 13 GHz. The total scanning angle is about 43.5 • . The main beams radiate in the backward direction and corresponds with β −1 being less than zero within the frequency band 10-13 GHz according to Fig. 8(b) . In y-z plane, the beam does not scan as the frequency changes and mainly radiates into the positive z direction. In addition, the sidelobe enhances in broadside direction due to that β −1 is approaching to zero, which will result in more broadside radiation. Therefore, the main beam is unidirectional and only scans the upper half space in x-z plane, which well demonstrates the functionality of single-side scanning.
V. CONCLUSION
In this paper, a novel single-side-scanning SWG LWA is presented. Due to the flexibility of the SWG, the whole design is very compact and only uses a single-layer conductor. In addition, a SSP-based transition is provided to efficiently excite SWG. The mode transition loss is less than 0.61 dB within 5-13 GHz. Fed by the SSP transition, the proposed SWG LWA obtains a gain of 8.7 dBi and overall efficiency of 75%. The antenna can also achieve 43.5 • scanning. An important result is that the proposed SSP-SWG transition allows SWG to efficiently connect with the proposed LWA. In addition it could also be used with traditional microwave circuits greatly benefiting the integration of SWG circuits. 
